Small G proteins of the Rho family are pivotal regulators of several signaling networks. The Ras homolog family (Rho) and one of its targets, Rho-associated protein kinase (ROCK), participate in a wide variety of biological processes, including bone formation. A previous study has demonstrated that the ROCK inhibitor Y-27632 enhanced bone formation induced by recombinant human bone morphogenetic protein-2 (BMP-2) in vivo and in vitro. However, the effect of other Rho family members, such as Ras-related C3 botulinum toxin substrate 1 (Rac1) and cell division cycle 42 (Cdc42), on bone formation remains unknown. In this study, we investigated whether Rac1 also participates in BMP-2-induced osteogenesis. Expression of a dominant-negative mutant of Rac1 enhanced BMP-2-induced osteoblastic differentiation in C2C12 cells, whereas a constitutively active mutant of Rac1 attenuated that effect. Knockdown of T-lymphoma invasion and metastasis 1 (Tiam1), a Rac-specific guanine nucleotide exchange factor, enhanced BMP-2-induced alkaline phosphatase activity. Further, we demonstrated that BMP-2 stimulated Rac1 activity. These results indicate that the activation of Rac1 attenuates osteoblastic differentiation in C2C12 cells. It has been shown that the function of BMPs is modulated by the small GTPase Ras homolog family A (RhoA) and Rhoassociated protein kinase (Rho kinase, ROCK). 4, 5 We have shown that the expression of a dominant-negative ROCK mutant in mouse stromal ST2 cells induced osteoblastic differentiation, whereas the expression of a constitutively active ROCK mutant attenuated osteoblastic differentiation. Propagating these effects, neogenin acts as a receptor for BMPs and activates RhoA.
quantified (Figures 1b and c) . The BMP-2-induced ALP activity was increased in RacDN-transfected cells. Therefore, inhibition of Rac1 promotes BMP-2-induced osteoblastic differentiation in C2C12 cells. The BMP-2-induced ALP activity tended to decrease in RacCA-transfected cells compared with control cells, although we could not find a significant difference (P40.05).
We then examined the expression of two typical osteogenic marker genes-runt-related transcription factor 2 (Runx2) and osteocalcin-using real-time PCR. BMP-2 treatment enhanced the expression of Runx2 and osteocalcin, and this increase was significantly higher in cells transfected with RacDN than in mock-transfected plasmids (Figure 1d ). These results suggest that Rac1 suppressed BMP-2-induced osteoblastic differentiation in C2C12 cells.
Next, we examined the role of Cdc42, another member of the Rho family of proteins, in BMP-2-induced osteoblastic differentiation. C2C12 cells were transfected with short interfering RNA (siRNA) targeting Cdc42. At 48 h post transfection, we confirmed the knockdown of endogenous Cdc42 in C2C12 cells (Figure 1e ). After transfection with Cdc42 siRNA, the cells were treated with or without rhBMP-2, and LP activity was examined. The BMP-2-induced ALP activity was increased in Cdc42 siRNA-transfected cells (Figure 1f ). Thus, both Cdc42 and Rac1 negatively regulate BMP-2-induced osteoblastic differentiation in C2C12 cells.
Rac1-GEF mediates the inhibition of BMP-2-induced osteoblastic differentiation. Rho family GTPases are activated through interaction with guanine nucleotide exchange factors (GEFs) that regulate their GTP/GDP exchange. We used the Rac1-specific inhibitor NSC23766, which blocks a subset of Rac1 GEFs, Tiam1, and triple functional domain (Trio). 9 To examine the role of Trio or Tiam1 in C2C12 osteoblastic differentiation induced by BMP-2, we examined the BMP-2-induced ALP activity in these cells. The cells were pre-treated with NSC23766 at 0, 10, or 50 mM and then cultured with rhBMP-2 for 2 days before being subjected to ALP staining (Figure 2a ) or 3 days before ALP activity assay (Figure 2b ). The BMP-2-induced ALP activities were increased in NSC23766-treated cells in a dose-dependent manner.
Moreover, we examined the expression of Runx2 and osteocalcin in C2C12 cells cultured with rhBMP-2 in the absence or presence of NSC23766 (50 mM) for 2 days (Figure 2c ). The expression of these osteogenic marker genes was significantly higher in NSC23766-treated cells in the presence of rhBMP-2. These results suggest that Rac1-GEF, Trio, and Tiam1 can suppress BMP-2-induced osteoblastic differentiation via Rac1 activation.
We also examined whether Rac1 has a role in MC3T3-E1 preosteoblastic cells and primary mesenchymal stem cells derived from rat bone marrow. However, NSC23766 treatment did not promote a BMP-2-dependent increase in ALP activities in MC3T3-E1 cells or mesenchymal stem cells (Figures 2d and e) .
Tiam1 regulates BMP-2-induced ALP activity. As the Rac1 inhibitor NSC23766 blocks both Tiam1 and Trio, we performed additional experiments to determine which Rac1-GEF was involved in suppressing BMP-2-induced osteoblastic differentiation. In the first set of experiments, C2C12 cells were transfected with siRNA targeting either Tiam1 or Trio. At 48 h post transfection, we confirmed the knockdown of endogenous Tiam1 or Trio in C2C12 cells (Figures 3a  and b) . BMP-2-induced ALP activity was significantly higher in the cells transfected with Tiam1 siRNA but not in those transfected with Trio siRNA, as assessed by ALP staining (Figures 3c and e) and ALP quantitative assay (Figures 3d  and f) . These results demonstrated that Tiam1 but not Trio is BMP-2 induces Rac1 activity in C2C12 cells. Our observation revealed that the inhibition of Rac1 signaling promotes BMP-2-induced osteoblastic differentiation of C2C12 cells.We then examined whether BMP-2 stimulation induced Rac1 activity. We measured the activity of Rac1 by means of a pulldown assay using the GST-fused Rac-binding domain of p21 protein-activated kinase (PAK) beads. Serum-starved C2C12 cells were treated with rhBMP-2 for 1 min. The level of active GTP-bound Rac1 was increased by rhBMP-2 treatment (Figure 4 ). This result demonstrated that BMP-2 activated Rac1 in C2C12 cells.
Activation of Rac1 does not inhibit Smad signaling. As the activation of Rac1 negatively regulates BMP-2-induced osteoblastic differentiation in C2C12 cells, we next examined Figure 5a ). We further examined the effect of Rac1 on Smad localization. C2C12 cells were transfected with RacDN, cultured with or without rhBMP-2, and subjected to immunofluorescence staining to visualize endogenous Smad1 (Figure 5b ). The activation of the BMP pathway leads to accumulation of Smad1 in the nucleus (Figure 5b , left lower 2 panels). 10, 11 However, cells transfected with RacDN (arrow) were not affected by the localization of Smad1 (Figure 5b , left lowest panel, arrow). These results indicate that other mechanisms might be involved in the inhibition of osteoblastic differentiation through Rac1 activation.
We further examined whether BMP receptors (BMPRs) were associated with the enhanced ALP activation induced by Rac1 inhibition. C2C12 cells were incubated with a selective inhibitor of BMPR-I, dorsomorphin, for 5 min in the presence or absence of rhBMP-2. rhBMP-2-induced phosphorylation of Smad1/5/8 was inhibited by dorsomorphin (Figure 5c Figures 1a and 2a) . These findings suggest that the BMP-BMPR signal is required for the enhanced ALP activation induced by Rac1 inhibition.
Discussion
In the present study, we assessed the role of Rac1 in osteoblastic differentiation. Inhibition of Rac1 induced the expression of osteoblastic markers such as ALP, Runx2, and osteocalcin. These results indicate that inhibition of Rac1 promotes BMP-2-induced osteoblastic differentiation in C2C12 myoblasts ( Figure 6 ). Although the BMP-2-induced ALP activity was enhanced in RacDN-transfected cells, the ALP activity was not significantly affected by RacCAtransfected cells (Figures 1a-c) . The reason why we could not observe significant differences in RacCA-transfected cells could be that the expression of RacCA might not be enough owing to low transfection efficiency. Another possibility is that the activation of Rac1 may only partially inhibit BMP-2-induced osteoblastic differentiation. Rac1 is ubiquitously expressed in most organs and functions to regulate actin cytoskeletal reorganization. Rac1-deficient mice show cell death in numerous locations, particularly in embryonic mesodermal cells. 12 Because of embryonic lethality, the role of Rac1 in developmental bone formation remains largely unknown. Our results provide new leads on the effect of Rac1 on osteoblastic differentiation in C2C12 cells.
Rac1, along with RhoA and Cdc42, is one of the most prominent Rho family GTPases. Rho family GTPases regulate actin cytoskeletal reorganization, cell adhesion, and migration. Therefore, they mediate various biological processes such as neuronal morphogenesis, tumor invasion, and bone formation. 7, 8 We have previously shown that neogenin, the newly identified receptor for BMP-2, negatively regulates BMP-2 signal transduction through the activation of RhoA.
5 BMP-2 binding to neogenin activates RhoA and results in the inhibition of osteoblastic differentiation. Inhibition of RhoA promotes BMP-2-induced osteoblastic differentiation and phosphorylation of Smad 1/5/8. Although RhoA regulates Smad signaling to attenuate bone formation, Rac1 did not affect the phosphorylation levels of Smad 1/5/8 ( Figure 5 ). These observations suggest that Rac1 attenuates BMP-2-induced osteoblastic differentiation through a mechanism that is distinct from RhoA.
Our results show that a dominant-negative mutant of Rac1 promotes osteoblastic differentiation in the presence but not in the absence of BMP-2. Therefore, Rac1 possibly mediates osteoblastic differentiation in a BMP-2-dependent manner. We show that treatment of BMP-2 enhances Rac1 activity in C2C12 cells. Our previous study also demonstrated that BMP-2 induced RhoA activity through neogenin and resulted in suppressed osteoblastic differentiation. 5 These findings suggested that BMP-2 not only promotes but also inhibits osteogenesis, although further studies must still be carried out to confirm this. Although it is now possible to generate recombinant human BMPs for medical use, more than 1.5 mg/ml of the recombinant protein is required for bone induction in primates, 13 possibly because of their reduced capability for tissue regeneration.
Inhibition of Rac1 did not promote BMP-2-dependent osteoblastic differentiation in the osteoblast-like MC3T3-E1 cells (Figure 2d ). Although the mechanism that explains the discrepancy of the results between C2C12 myoblasts and MC3T3-E1 cells is currently unknown and needs further study, the result supports the hypothesis that the role of Rac1 signaling in osteoblastic differentiation varies depending on the cell types or differentiation stages of osteoblasts.
Rac1 is activated through interaction with the diffuse B-cell lymphoma (Dbl) family GEFs, which regulate the exchange of GDP for GTP.
14 Dbl family GEFs contain the Dbl-homology domain, which is responsible for GEF catalytic activity, and a pleckstrin-homology domain, which is involved in intracellular targeting. Some of the Rho GEFs show activity toward multiple Rho GTPases, whereas others have more restricted specificity. To determine which GEF is responsible for the activation of Rac1 upon BMP stimulation, we used NSC23766, which can effectively inhibit Rac1-GEF, Trio, and Tiam1. Further, we reveal that siRNA-mediated knockdown of Tiam1 but not Trio induced osteoblastic differentiation. These findings suggest that specific Tiam1/Rac1 interaction participates in BMP-2-induced osteoblastic differentiation in C2C12 cells. Tiam1 is a Rac-specific GEF, whereas Trio contains two GEF domains: one N-terminal domain (TrioN), active on RhoG and Rac1, 15 and a C-terminal domain (TrioC), active on RhoA. 16 Different specificity to Rho GTPases is a possible explanation of this effect.
In conclusion, we found that inhibition of Rac1 promoted osteoblastic differentiation upon BMP-2 stimulation. Our results provide evidence that Rac1 and Tiam1 are possible molecular targets for promoting osteogenesis. 
Materials and Methods
Antibodies and reagents. The following antibodies were used in this study: mouse monoclonal antibodies to Rac (Upstate, Lake Placid, NY, USA) (1:500) and a-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) (1:1000); rabbit monoclonal antibodies to Smad1 (Cell Signaling Technology, Beverly, MA, USA) (immunocytochemistry; 1:250, western blotting; 1:1000), phospho-Smad1/5/8 (Cell Signaling Technology) (1:1000), Tiam1 (Santa Cruz Biotechnology) (1:1000), and c-Myc (Santa Cruz Biotechnology) (immunocytochemistry; 1:500, western blotting; 1:1000); and Alexa Fluor 568 anti-rabbit IgG and 488 anti-mouse IgG (Life Technologies, Carlsbad, CA, USA). DAPI was purchased from Dojindo Laboratories (Kumamoto, Japan). The recombinant human bone morphogenetic protein-2 (rhBMP-2) was obtained from R&D Systems (Minneapolis, MN, USA) . NSC23766, which is a Rac1-specific inhibitor, was obtained from Merck (Darmstadt, Germany). 5 0 -Adenosine monophosphate-activated protein kinase inhibitor compound C (Dorsomorphin) was purchased from Calbiochem (San Diego, CA, USA).
Cell culture and transfection. C2C12 cells (Riken BRC Cell Bank, Tsukuba, Japan) were cultured in DMEM with 10% FBS. MC3T3-E1 cells (Riken BRC Cell Bank, Tsukuba, Japan) were cultured in a-minimum essential medium (a-MEM) with 10% FBS and 1% penicillin/streptomycin. Rat primary mesenchymal stem cells (Lonza, Walkersville, MD, USA) were cultured using an R-MSCGMBullet Kit (Lonza).
These cells were transfected using Lipofectamine 2000 (Life Technologies) according to the manufacturer's instructions. The cells were assayed 48 or 72 h after transfection. Myc-tagged mouse Rac1-17N and Rac1-61L were kindly gifted by Dr. A. Hall (Department of Biochemistry and Molecular Biology, University College London, London, UK). siRNA against mouse Cdc42, Tiam1, and Trio was obtained from Life Technologies and contained the following sequences:
. The cells were transfected with 10 nM (Cdc42 siRNA, Tiam1 siRNA no. 1), 2.5 nM (Tiam1 siRNA no. 2), or 30 nM (Trio siRNA no. 1, 2, and 3) siRNA using Lipofectamine RNAi Max (Life Technologies) according to the manufacturer's protocol and cultured for 48 h. Thereafter, the medium was replaced, and the cells were incubated with rhBMP-2 for an additional 48 or 96 h.
Immunocytochemistry. C2C12 cells were fixed with 4% paraformaldehyde for 30 min. The cells were permeabilized, and nonspecific sites were blocked by incubating with blocking solution containing PBS with 0.3% Triton X-100 and 5% BSA. Cells were incubated with the primary antibody diluted in blocking solution for 48 h at 4 1C, washed in PBS, and incubated with Alexa Fluor secondary antibody diluted in blocking solution for 1 h at room temperature. DAPI (1 mg/ml) stain was used to determine nuclear localization. After immunostaining, the slides were mounted with Fluorescent Mounting Medium (DakoCytomation, Glostrup, Denmark).
Assay for Rac activation. After treatment with 300 ng/ml rhBMP-2 or control medium for 1 min, the cells were lysed in a solution containing 25 mM HEPES (pH 7.5), 1% Nonidet P-40, 10 mM MgCl 2 , 1 mM EDTA, and 1 mM Na 3 VO 4 . The cell lysates were clarified by centrifugation (20 400 Â g) at 1 1C for 1 min, and the supernatants were incubated with 50 mg of Rac-binding domain of PAK, which had been freshly coupled with glutathione Sepharose-4B beads (GE Health care, Uppsala, Sweden) at 4 1C for 60 min. The beads were washed four times with lysis buffer and subjected to SDS-PAGE, followed by immunoblotting with anti-Rac1 antibody for active Rac1. The cell lysates were also immunoblotted for total Rac1. The levels of Rac1 activation were calculated by comparing the intensities of the active Rac1 bands with those of the total Rac1 bands in each lane using Image J software (National Institutes of Health). The values obtained were then divided by those of the control, and the data are expressed as fold increase in Rac1 activation over control. The construct for the Rac-binding domain of PAK was kindly gifted by Dr. H. Sumimoto (Department of Molecular and Structural Biology, Kyushu University Graduate School of Medical Science, Fukuoka, Japan).
Real-time PCR. Total RNA was extracted from C2C12 cells using the RNeasy kit (Qiagen, Hilden, Germany) and reverse transcribed using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). Approximately 4 mg of total RNA was used as a template to synthesize first-strand cDNA. Subsequently, 1 ml of cDNA mixture was used for real-time PCR (total volume, 20 ml) performed using SYBR Green PCR Master Mix (Applied Biosystems) according to the manufacturer's instructions. In addition, the PCR products were purified and sent for sequence analysis using a 7300 Real-time PCR system (Applied Biosystems) to verify amplification of the targeted genes. The optimal conditions were defined as follows: 40 cycles at 50 1C for 2 min, at 95 1C for 10 0 . The specificity of each primer set was determined with a pre-test showing amplification of a specific gene by gel visualization and sequencing. The results were analyzed and validated using the relative standard curve method and the delta-delta Ct method.
ALP staining. C2C12 cells were plated on 12-well plates and treated with NSC23766 for 12 h or transfected with the indicated expression vectors for 48 h. The culture medium was replaced with differentiation medium, which was DMEM containing 10% FBS, 10 mg/ml ascorbic acid 2-phosphate (Wako, Osaka, Japan), and 5 mM b-glycerophosphate (Merck KGaA, Darmstadt, Germany) with or without rhBMP-2. The cells were cultured for 2 or 3 days (indicated in the figure legends). MC3T3-E1 cells were plated on 12-well plates and treated with NSC23766 for 12 h. The culture medium was a-MEM containing 10% FBS and 1% penicillin/ streptomycin with or without rhBMP-2. The MC3T3-E1 cells were cultured for 3 days. Rat Mesenchymal Stem Cells were plated on 12-well plates and treated with NSC23766 for 12 h. The cells were cultured for 11 days using an R-MSCGMBullet Kit with or without rhBMP-2. These cells were fixed for 15 min with 4% formaldehyde/PBS at room temperature. They were washed with PBS and then stained with nitro blue tetrazolium (NBT; Promega, Madison, WI, USA) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP; Promega) in ALP buffer (100 mM of Tris-HCl [pH 9.5], 100 mM NaCl, and 5 mM MgCl 2 ).
ALP activity assay. C2C12 cells were plated on 12-well plates and treated with NSC23766 for 12 h or transfected with the indicated expression vectors or siRNA for 48 h. The culture medium was replaced with the differentiation medium described above. Cells were cultured for 2 or 3 days (indicated in the figure legends) and then lysed in Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. ALP activity was assayed using p-nitrophenylphosphate as a substrate in the LabAssay ALP (Wako), and the protein content was measured using the bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific).
Western blotting analysis. The siRNA-transfected or rhBMP-2-stimulated C2C12 cells were washed in PBS. After washing the cells, cell lysis was carried out using a lysis buffer containing 50 mM Tris (pH 7.4), 1% Noniet P-40, 150 mM NaCl, and complete Protease Inhibitors (Roche Applied Science, Mannheim, Germany). When we analyzed the phosphorylation levels of Smad 1/5/8, 10 mM NaF and 10 mM Na 3 VO 4 were added to the lysis buffer. The proteins were separated by SDS-PAGE followed by immunoblotting.
Statistical analysis. The quantitative data are expressed as mean ± SEM of at least three (indicated in the figure legends when the number was more than three) independent experiments. Statistical analysis of these values was performed using one-way analysis of variance followed by Tukey-Kramer multiple comparison tests or an unpaired Student's t test (Figures 1e and 4) . P values of less than 0.05 were considered significant.
